that may be specific to embryo development, whereas others are altered in basic housekeeping functions that first become essential during embryogenesis. However, it may be impossible to make a clear distinction between these two classes of genes, since many genes are likely to perform cellular functions that are directly related to both growth and morphogenesis (Meinke, 1995) . Mutants that may be included in the first category are fusca mutants, which carry mutations that affect both pigmentation and leal% cotyledon mutantst which produce viviparous embryos with CotYledons that are PartiallY t r a~~f o r m e d into leaves , abnormal suspensov mutants, which generate large suspensors (Schwartz et al., 1994) , and raspberry mutants, which uncouple cell differentiation and widely known mutant in the second category is biol, an embryo-defective mutant that was found to be a biotin auxotroph (Schneider et al., 1989) . Further study of these and other embryo-defective mutants will be informative in the ShdY of genes necessary for the ComPletion of embryogenesis. Seedling-lethal mutants are often interpreted as lacking functional genes that control the pattern formation or pattem of expression of organ ComPartments in the embrY0 and seedling . Jürgens and Co-WOrkers have isolated Arabidopsis seedling-lethal mutants that are believed to be lacking the apical compartment of the seedli% kurke), the central ComPartment of the seedling (fackel), the basal compartment of the seedling (moflopteYos), and both terminal ComPartments of the seedling @om) (MaYer et a1.f 1991) . It has bem Postulated that the wildtYPe form of the gnom gene Prometes asY"etric cell division earlY in embrYogenesisf which maY be necessarY for apical-basal Pattern fOrmation in the earlY embrY0 (MaYer et a1.r 19931 , and that the Wild-tYPe form of the *oWJteYos gene acts in the octant-stage embrY0 to organize the basal bodY region (Berleth and J%ens, 1993) . 0 t h mutations isolated by this group are apparently defective in the radial pattern of the plant (keule, knolle) or cause a Abbreviations: AVG, aminoethoxyvinylglycine; AL, change in length; AW, change in width; gdo, gordo; NAA, naphthaleneacetic acid; NPA, N-(1-naphthy1)phthalamic acid; 2,4,6-T, 2,4,6-trichloroWe have isolated an allele of fass, an Arabidopsis thaliana mutation that separates plant development and organ differentiation from plant elongation, and studied its hormonal regulation. Microsurgically isolated fass roots elongate 2.5 times as much as the roots on intact mutant plants. Wild-type heart embryos, when cdtured with a strong auxin, naphthaleneacetic acid, phenocopy fass embryos. fass seedlings contain variable levels of free auxin, which average 2.5 times higher than wild-type seedling levels, and fass seedlings evolve 3 times as much ethylene as wild-type seedlings on fass seedlings can be changed by severa1 compounds that affect their endogenous ethylene levels, but fass is epistatic to efrl, an ethylene-insensitive mutant. fass's high levels of free auxin may be inducing its high levels of ethylene, which may, in turn, result in the fass phenotype. We postulate that FASS may be acting as a negative may be in an auxin-conjugating enzyme. a per-plant basis Over a 24-h period. The length-to-width ratios of transduction pathways (Castle and Meinkef 1994)r regulator to maintain wild-type auxin levels and that the mutation morphogenesis in embryos (Yadegari et al., 1994) . The most Arabidopsis Lhaliana has been shown to be a useful and versatile organism for studying genetics and development in plants (Meyerowitz and Somerville, 1994) . Two major approaches have been taken to study the genetics of embryogenesis using Arabidopsis. These two approaches are the selection of embryo-defective mutants that fail to develop normal-sized seeds (Meinke, 1995) and the selection of seedling-lethal mutants that fail to complete normal seedling development (Jiirgens et al., 1994) .
It is thought that an embryo-defective mutation results from the disruption of a gene necessary for the completion of the embryonic stage at which the mutant is blocked. Many embryo-defective mutants liave been isolated, both by ethyl methanesulfonate mutagenesis and by T-DNA tagging (Meinke, 1995) , and recently, Meinke and co-workers have begun a large-scale mapping project to saturate the Arabidopsis genome map with mutants and to facilitate the recovery of duplicate alleles (Franzmann et al., 1995) . Some embryo-defective mutants carry mutations in genes Plant Physiol. Vol. 1 1 O, 1996 global shape change in the plant Vass, knopf, mickey) . Of this suite of mutant genes, only gnom has been cloned, and its predicted amino acid sequence contains significant similarity to the Succharomyces cerevisiae Sec7 protein, which is involved in protein transport in the yeast secretory pathway (Shevell et al., 1994) . No specific role in plants has been predicted for this gene, but it is suspected to perform a role in the plant secretory system (Shevell et al., 1994) . Barton and Poethig (1993) have isolated and characterized shoofmeristemless, an Arabidopsis mutant that lacks the ability to form a shoot apical meristem in embryos and adventitious shoots in tissue culture.
The shootmeristemless gene has also been cloned (Long et al., 1996) and encodes an Arabidopsis KNOTTED homolog and thus is likely to promote shoot apical meristem formation through transcriptional regulation (Long et al., 1996) . Like embryo-defective mutants, some seedling-lethal mutants will contain mutations in housekeeping genes, but others will contain mutations in developmentally important genes.
We have isolated an allele of fass, a mutant impaired in organ elongation (Torres-Ruiz and Jiirgens, 1994) , using a screen for seedling-lethal mutants. Thus, fass is generally classified as a seedling-lethal mutant even though we are now able to grow fass to adulthood in tissue culture on growth medium supplemented with SUC. We have observed that fass produces multicellular plant organs in the normal positions, but these organs undergo less longitudinal elongation and more radial expansion than wild-type organs. Wild-type and fuss phenotypes differed from the heart stage of embryogenesis through the life cycle of the plants. Microsurgical and hormonal manipulations of fass embryos and seedlings implicated the involvement of auxin (IAA) and ethylene in the generation of fuss's phenotype. Thus, the levels of the plant-growth regulators auxin and ethylene were directly compared in fass versus wild-type seedlings. Ethylene's role in this process was further investigated by disturbing endogenous 'ethylene levels in fuss and wild-type seedlings, and by crossing fuss heterozygotes with etr7, an ethylene-insensitive mutant.
An earlier version of this work has been published (Fisher et al., 1993) in which the mutant was referred to as gdo. Additional work on ton, a mutant that may be allelic to fass, has shown that this mutant lacks preprophase bands (Traas et al., 1995) .
MATERIALS A N D METHODS

Plant Material
Arabidopsis thulianu plants used in this study were the Landsberg ecotype homozygous for the erecta mutation, which reduces plant height. Seeds were sown in 6 cm X 6 cm pots filled with a 1:l:l mixture of perlite, vermiculite, and peat moss, which was soaked in Hoagland fertilizer solution. They were kept at 4°C in darkness overnight and then transferred to a 22°C growth chamber and grown under continuous cool-white fluorescent light at 100 pmol . Plants were watered three times per week with m-2 s-l
Hoagland fertilizer solution.
Genetics
The gdo-7 and gdo-2 alleles were isolated following ethyl methanesulfonate and diepoxybutane mutagenesis, respectively (Barton and Poethig, 1993) . gdo mutant prcigeny were obtained in the cross of a gdo-7 heterozygote to a gdo-2 heterozygote, indicating that these mutations are allelic. A11 experiments in this paper were performed with the gdo-7 allele. Seeds of the fsr2-3 line of the fuss mutant were obtained from Ramon A. Torres Ruiz (Technische Universitat, Miinchen, Germany). Heterozygotes were used in crossing the fuss mutant line with the gdo mutant line, since homozygotes of the fuss or the gdo mutations alie infertile. fass mutant progeny were obtained in a cross of a fsr2-3 heterozygote with a gdo-7 heterozygote, resuking in 16 seedlings out of 58 seedlings exhibiting thefuss phenotype.
This result approximates a 3:l ratio (2 of 0.16, P > 0.5), thereby establishing that fass and gdo reside at the same locus. gdo-7 and gdo-2 have been renamed fsRoX and fsRoZ, respectively .
Embryo and Seedling Manipulations
Embryos were dissected in a laminar-flow hood under sterile conditions from developing seeds and grown on a basic medium consisting of 0.8% agar with Murashige and Skoog salts (Murashige and Skoog, 1962) and vitamins, 400 mg/L adenine, 0.001 mg/L Gln, and 2% SUC, pH 5.2. For the studies of embryo response to hormone analogs, auxinregulating compounds were filter sterilized and added to the culture medium after autoclaving for a final concentration of 10 p~. Culture dishes (35 mm X 1 mm) containing medium and embryos were wrapped in two layers of aluminum foi1 and maintained at 22°C. This size Petri dish was used so that the embryos could be easily viewed with our microscope, which has a fitting for small Petri dishes. For seedling production, seeds were sterilized in a solution of 30% Clorox and 0.1% Triton-405 for 10 min, washed three times with sterile water, sown on Murashige and Skoog medium in 35 mm X 10 mm Petri plates, and placed at 4°C in darkness overnight. The plates were then moved to the growth chamber as described above but under coolwhite fluorescent lights. Microsurgery of seedlings and torpedo embryos dissected from developing seeds was performed on a bed of water solidified with 0.8% agar under a dissecting microsope in a laminar-flow Iiood. Seedlings or embryos were cut in half at a point midway up the hypocotyl with a sterilized fine scalpel from Moria-Dugast (Paris, France). For studies of seedling responses to ACC and AVG, these compounds were filter sterilized and added to the culture medium after autoclaving,.
Microscopy
Seedlings were measured using an ocular micrometer and were photographed using an Olympus SZH dissecting microscope and a Nikon FE2 camera with K'odak T-160 film.
Auxin Analysis
Scientific, Folsom, CA). The initial oven temperature was Recause fass homozygotes are not fertile, seeds were harvested from mature fass heterozygote plants, sown on Murashige and Skoog medium without plant hormones, and grown for 14 d under the same culture conditions described above. Auxin determinations were performed according to the procedures described by Michalczuk et al. (1992) . In brief, 14-d-old seedlings were separated into homogenous groups of fass and wild-type phenotype seedlings (a mixture of true wild-type and fass heterozygote seedlings) by visual inspection under a dissecting microscope before being quickly frozen in liquid nitrogen for temporary storage at -80°C. Frqm initial studies it was found that the IAA levels of this mixture of wild-type and fass heterozygote seedlings are the same as levels of IAA found in 100% wild-type seedling samples. Since this mixture of wild-type and fass heterozygote seedlings was cultured in the same plates as fass seedlings, it represents a more appropriate control for the measurement of IAA levels of fass seedlings than a sample containing 100% wildtype seedlings cultured in separate Petri dishes. We wanted to be certain of the similarity of culture conditions because the IAA levels of fass seedlings are so variable.
Three hundred milligrams of tissue, or approximately 100 seedlings, were collected for each replicate. The seedlings were then homogenized with cold 65% 2-propanol: 35% 0.2 M imidazole buffer at pH 7.0 in the presence of the following labeled standards: 100 ng of [13C6]IAA as an interna1 standard for isotope dilution calculations and approximately 1 kBq of [3H]IAA (specific activity of 803 GBq mol-l, Amersham) as a radioactive tracer for the chromatographic separations. After incubation for 1 h in the homogenization buffer, cellular debris was removed by centrifugation and the organic phase was evaporated from the supernatant in vacuo. The aqueous residue was divided into three parts: one part was used directly for analysis of free IAA, the second part was submitted to mild alkaline hydrolysis (I N NaOH at room temperature for 1 h) and analyzed for free and esterified IAA, and the third part was subjected to strong alkaline hydrolysis (7 N NaOH at 100°C for 3 h under N,) and analyzed for total (free, esterified, and amide-bound) IAA. It should be noted that Arabidopsis contains indoleacetonitrile, which is also converted to IAA under conditions of strong base hydrolysis. The levels of indoleacetonitrile, however, are usually low and do not contribute significantly to the levels of total IAA measured (Normanly et al., 1993) .
The samples were purified on a Fisher PrepSep amino disposable column (free IAA) and a Fisher PrepSep C,, disposable column (hydrolysates); this procedure was followed by HPLC on a 4.6 X 50 mm C,, (Ultracarb [30] ; Phenomenex, Torrance, CA) column that was eluted isocratically for 15 min with 1% acetic acid in 25% methanol. The fractions containing IAA were collected, evaporated, and methylated with CH,N,. The samples were analyzed by coupled GC-MS using selected-ion monitoring with a Hewlett-Packard 5890 series II/5971A GC-MS apparatus. GC was carried out with an injector temperature of 250°C on a 15 m X 0.32 mm DB-1701 fused silica capillary (J&W set at 140°C for 1 min, and then the temperature was increased at a rate of 16"C/min to 280°C. The retention time for the IAA methyl ester was 5.2 min. The ions at m/z 130 and 136 (unlabeled and 13C-labeled quinolinium fragment ions) and at m/z 189 and 195 (unlabeled and I3C-labeled molecular ions) were monitored for IAA analysis.
Ethylene Analysis
Seeds were harvested from mature fass heterozygote plants, and the wild-type phenotype and fass seeds were separated into homogenous populations by visual inspection under a dissecting microscope based on the shape of the seed. This separation is possible because fass seeds are thicker at one end and do not have the slim, football shape that wild-type Arabidopsis seeds exhibit. Since fewer seedlings were needed for ethylene analysis than for auxin analysis, and manipulation of the seedlings may cause them to evolve higher levels of ethylene due to wounding, these painstaking separations of seeds were done so that the testing of ethylene levels evolved by seedlings could then be performed in the original culture vessel. The seeds chosen for ethylene analysis were sterilized as described above and sown onto medium containing Murashige and Skoog salts and vitamins, 2% SUC, 0.8% agar, and no plant hormones. Sterilized 25-mL Erlenmeyer flasks containing 10 mL of medium and plugged with sterile cotton plugs were used as culture vessels with approximately 100 seedlings in each flask. Flasks were placed at 4°C in darkness overnight and then moved to the growth chamber described above under cool-white fluorescent lights. After a 14-d period, the cotton plugs were replaced with rubber serum stoppers, which formed an airtight seal. After 2-and 24-h incubation times, 1-mL samples of the gases enclosed in the airtight flasks were immediately taken with disposable syringes and injected into a Hewlett-Packard mode15890 series I1 gas chromatograph equipped with a flame ionization detector and a Chrompack PoraPlot fused silica column (25 m X 0.53 mm) coated with PoraPlot Q and maintained at 35°C. Ethylene concentration was determined by measuring the peak height at a retention time of 2.1 min and an attentuation of -4.
Genetic Crosses
Flowers of plants to be used as the female parents were emasculated and then pollinated by touching the stigma with anthers from the male parent plant. fass heterozygote plants were identified by dissecting out the embryos from the developing seeds in older diques. An Olympus SZH dissecting microscope was used for manipulations of flowers and diques. fass heterozygotes and etrl homozygotes were used for crossingfass with etrl. F, plants were allowed to self-fertilize, and F2 seeds were collected for segregation analysis. The F, seeds were sown on growth medium containing 10 FM ACC; these plates were wrapped in aluminum foil, refrigerated overnight, and Plant Physiol. Vol. 110, 1996 placed in darkness. Seedling phenotypes were scored after 4 d in darkness.
RESULTS
The fass Phenotype 1s Retained Throughout the Life Cycle of the Plant fuss and wild-type plants differ in phenotype from the beginning of embryo development to plant maturity. Since embryo development of fuss and the shape and size of its cells have been described previously (Torres-Ruiz and Jür-gens, 1994), we will focus on the description of later stages of the development of the fuss phenotype and include only a short description of embryo development. Both fuss and wild-type embryos follow the typical dicot pattern of embryo development, starting with the globular stage through the heart, torpedo, and mature embryo stages. The two embryos start to differ at the heart stage when wild-type embryos begin to elongate their central axes, but fuss embryos retain their almost isodiametric shape throughout embryo development. By the cotyledon stage, wild-type embryos exhibit the typical dicot embryo shape, whereas the shape of fuss embryos is still reminiscent of that of a wild-type heart embryo. Moreover, wild-type embryos have ordered rows of rectangular cells, whereas fuss embryos are made up of irregularly shaped, somewhat larger cells that are not arranged in regular rows.
Wild-type seedlings exhibit typical dicot seedling morphology with well-defined leaves, stems, and roots, as can be seen in Figure 1A . fuss seedlings also have definite shoots and roots with characteristic positional relationships, growth symmetries, and cell types, but these organs remain greatly compressed relative to wild-type organs (Fig. 1A) . Both wild-type and fuss seedlings begin to form true leaves in a spiral phyllotaxis, with the first leaf primordium developing between the cotyledons (Fig. 1 , B and C).
Wild-type Arabidopsis seedlings form a rosette of 8 to 10 thin leaves covered with stellate trichomes in a spiral arrangement surrounding several buds before bolting (Fig.   1D ). The much shorter, thicker fuss leaves are positioned in the same spiral phyllotaxis with no apparent internodes ( Fig. lE) , but they develop fewer trichomes and these resemble curved, unbranched hairs rather than stellate trichomes. The long, thin roots of wild-type Arabidopsis plants are covered with root hairs and have many branch roots (Fig. 1F ). In contrast, both the tap root and branch roots of fuss are appreciably thickened and much shorter, but they do form thin root hairs of normal length (Fig. 1G ).
After forming a rosette of leaves, a wild-type Arabidopsis plant bolts and develops a prominent inflorescence with its flowers and lateral buds separated by internodes, as shown in Figure 2A . In mature wild-type plants, the lateral buds develop into lateral shoots, and the self-fertilized pistils become siliques (Fig. 2B) . fuss plants mimic these developmental events but retain their short, thick profile. They produce mature flowers on their main inflorescence axis just slightly above the leaves (Fig. 2C) , and these flowers are not separated from each other or the leaves by obvious internodes. fuss plants produce lateral inflorescences ( Fig. 2D) with a similar morphology, and thus they resemble telescoped, miniature wild-type plant.3.
Wild-type Arabidopsis flowers contain a calyx of four sepals, a corolla of four white petals (Fig. 2E) , and four long media1 and two short lateral stamens surrounding a single gynoecium whose locules are separated by a false septum (Smyth et al., 1990) . After self-fertilization, the gynoecium elongates into a silique that contains 40 to 60 sleeds. Elongation is apparently crucial to the normal, functional development of these floral organs. fuss flowers include a11 of the same organs as wild-type flowers in the same numbers and positions (Fig. 2F ), but these organs do not elongate in fuss flowers and do not exhibit normal function. In wildtype flowers, the sepals elongate and completlely enclose the bud during its initial development. fuss sepals do not elongate, so the bud remains exposed during its development. In the development of the wild-type staimens, their primordia form axes that will become filaments, and they form anthers with developing microsporogenous cells. The elongating filaments brush by the gynoecium at the time of anthesis, so that pollen can be deposited on the stigmatic papillae (Smyth et al., 1990) . fuss flowers have six stamens in the same positions as those of the wild-type flower, but fuss anthers do not produce viable pollen (data not shown), and the filaments of the fuss stamens do not elongate, causing the anthers to remain below the stigmatic hairs (Fig. 2F) . In wild-type Arabidopsis, the gynoecium elongates as an open-ended tube and forms stigmatic papillae and a style after elongation is completed (Smyth et al., 1990) . In fuss flowers, the compressed gynoecium does form stigmatic papillae, but it contains abnormal exposed ovules. fuss flowers do not have the potential to self-pollinate for several reasons: the stunted filaments do not permit the anthers to contact the stigmatic hairs for pollen transfer; the ovules become desiccated in the open gynoecium; and neither the pollen nor the ovules seem viable, judging from our unsuccessful attempts to cross them with wild-type flower parts.
Microsurgical Manipulations of fass Plants
Microsurgery was performed on wild-type and fuss seedlings to determine whether the effect of the mutant phenotype can be isolated to the upper or lower half of the seedling. This experiment was first attempted with torpedo-stage embryos with inconclusive results (data not shown), possibly because the surgery was too damaging to the tiny embryos. Six-day-old wild-type and mutant seedlings were chosen for this experiment because by this time germination of both wild-type and fuss seedlings was complete and the seedlings were large enough to easily cut apart. Hypocotyls of seedlings were transversely bisected and the upper and lower seedling halves were placed horizontally on growth medium containing no growth regulators for 15 d, with the results shown in Table I .
In wild-type seedlings, isolated shoots elongated slightly less than the shoots of intact plants, and the same is true for isolated shoots versus intact shoots of fuss plants. The shoots of wild-type seedlings increased in width slightly more when isolated from the root, and fass shoots increased slightly less in width when isolated from the root. Wildtype isolated roots elongated half as much as wild-type intact roots, but both roots increased in width by about the same amount. In contrast, isolated fass roots elongated over 2.5 times as much and widened only one-fourth as much as fass roots on intact plants. This result suggests that the/ass shoot is somehow inhibiting root elongation in intact fass seedlings via the export of a substance from the shoot apex to the root of the growing seedling, fass roots, both isolated and as part of an intact seedling, elongated more slowly than wild-type roots of either category, but this reflects the overall elongation rate of the much thicker fass plants, which is much slower than the elongation rate of wild-type plants. One explanation for the difference in growth rate of intact and isolated fass roots might be an overabundance of endogenous free auxin in fass seedlings, which is presumably basipetally transported to the root. This prediction was first tested by evaluating the effects of various auxinregulating compounds on fass and wild-type seedlings.
Wild-Type Heart Embryos Phenocopy fass Heart Embryos When Grown in the Presence of a Strong Auxin
In an attempt to induce wild-type embryos to mimic the fass phenotype, we placed heart-stage embryos on media containing various auxin-regulating compounds at a concentration of 10 JAM. This concentration was used because it www.plantphysiol.org on November 11, 2017 -Published by Downloaded from Copyright © 1996 American Society of Plant Biologists. All rights reserved. is within the typical concentration range used to create a physiological response in plant tissue. Heart-stage embryos were used for this experiment because they represent the earliest stage of development at which fass embryos can be distinguished from wild-type embryos. Embryos were placed on growth medium containing either the strong synthetic auxin NAA, the polar auxin transport inhibitor NPA, or the weak auxin 2,4,6-T, which functions as a competitive inhibitor of the endogenous auxin. The AW, AL, and ratio of AL:AW of these embryos are shown in Table 11 . For wild-type embryos, the AL:AW of the control treatment was 2.24. The AL:AW for the NPA treatment was similar, and that for the 2,4,6-T treatment was somewhat larger. Wild-type heart embryos treated with NAA had a AL:AW of 0.95, which was very similar to the 0.70 AL:AW of fass heart embryos grown on control medium. In contrast, fass AL:AW ratios were not significantly affected by any of these treatments. Wild-type heart embryos grown on NAA-containing medium phenocopy fass in terms of growth pattern and general appearance, but we have been unable to significantly alter the fass growth pattern by altering its effective auxin levels or interrupting its polar auxin transport. Since we could mimic the phenotype of Microsurgical as well as hormone analog studies have shown the potential involvement of the naturally occurring auxin or IAA in producing the fass phenotype. The available evidence indicates that free IAA is the active form of auxin, whereas auxin conjugates may be important for storage or remova1 of excess auxin (Bandurski et al., 1995) . In general, the most common types of IAA conjugates are ester-linked and amide-linked compounds that can be hydrolyzed by mild and strong hydrolysis, respectively. Free IAA, free IAA plus IAA-ester conjugates, and total IAA levels were measured in 14-d-old wild-type and fass seedlings grown in the same Petri dishes using standard GC-MS methodology (Michalczuk et al., 1992) . Current auxin analysis technology requires a sample of 300 mg for analysis, roughly equivalent to 100 Arabidopsis seedlings. Because of the amount of tissue needed, seedlings were individually harvested from several plates of seedlings sown in such a way that the seedlings would not crowd one another. Wild-type and fass samples were harvested into separate microcentrifuge tubes kept on ice, and a11 further operations with them were carried out in parallel to ensure that any differences in IAA levels between the wild-type and fass seedling replicates were not due to sampling artifacts or equipment differences. The measured auxin levels of these seedlings are shown in Table 111. The average free IAA level of wild-type seedlings is 29 ng/g fresh weight, which is consistent with a previously published value for wild-type Arabidopsis seedlings (Normanly et al., 1993) of 25 ng/g fresh weight. In contrast, fass seedlings average 77 ng/g fresh weight of free IAA, which is more than 2.5 times as much free auxin as wild-type seedlings. However, fass seedling replicates have variable levels of free auxin; sometimes the levels of free auxin in fass are comparable to wild-type levels, and sometimes these levels reach 170 ng/g fresh weight, which is almost 6 times the typical wild-type level. This variability can be seen in the large SE of 41 ng/g fresh weight associated with the average free auxin level in fass seedlings. Wild-type Plant Physiol. Vol. 11 O, 1996 ~~ Table III . Auxin levels of wrld-type and fass seedlings
The auxin levels of 14-d-old seedlings were determined using GC according 10 the procedures described by Michalczuk et al. (1992) Since one form of ACC synthase, an enzyme in the pathway for ethylene formation, has been shown to be regulated by auxin (Yip et al., 1992) , and since wild-type plants treated with ethylene show more pronounced expansion of growing cells (Eisinger, 1983) , much like isodiametric expansion of fass cells (Torres-Ruiz and Jiirgens, 1994), we proceeded to determine whether these higher levels of free auxin in fuss seedlings might lead to higher levels of ethylene. The ethylene evolution of 14-d-old wildtype and fuss seedlings was determined after 2 and 24 h. Isolated populations of wild-type and fuss seedlings were grown in flasks that were capped with rubber serum stoppers during the test period to allow for ethylene accumulation, and the ethylene levels were quantified using GC. The ethylene levels thus determined are shown in Table IV. On a per plant basis, fuss seedlings evolved 1.8 times as much ethylene as wild-type seedlings after 2 h, and 3.2 times as much as wild-type seedlings after 24 h. Ethylene evolution expressed as a function of fresh weight was about the same after 2 h for the two types of seedlings, but fass seedlings had evolved almost twice as much ethylene on a fresh weight basis as wild-type seedlings after 24 h.
Since fass organs have greater diameters, which mean longer diffusion pathways for ethylene release,, it is likely that the measured ethylene levels outside of fuss seedlings are underestimated more than the measured! wild-type levels. We further tested the role of ethylene in causing the fuss phenotype by trying to manipulate its interna1 ethylene levels.
fass Seedling Lengths and Widths Are Altered by Changing the Levels of Their Endogenous Ethylene
The role of ethylene in the fass phenotype was further examined by growing wild-type and fass seedlings on culture media containing compounds that would either induce or repress endogenous ethylene production. ACC oxidase, the enzyme that converts ACC to ethylene, is constitutively expressed in most tissues in angiosperms (Ecker, 1995) . Plants supplied with ACC should therefore be exposed to higher levels of endogenous ethylene than plants grown on a control medium that contaims no ACC. AVG inhibits ethylene synthesis by interfering with ACC synthase, the enzyme that synthesizes ACC from its precursor, S-adenosyl-L-Met (Yang and Hoffman, l984) . Thus, seedlings grown on culture medium containing AVG should experience less endogenous ethylene than seedlings grown on a control medium without AVG.
Wild-type and fass seedlings were grown on control medium, medium containing 10 ~L M ACC, or medium containing 10 FM AVG. Lengths and widths of seedlings were measured after 12 d of culture; these data are shown in Figure 3 , and photographs of fuss seedlings cultured on ACC or AVG are shown in Figure 4 . In wild-type seedlings, ACC causes an increase in width and a decrease in length. This change may be larger than it seems, since a small change in width is indicative of a large change in volume.
In fass seedlings, ACC also produces an increase in width and a decrease in length. Wild-type seedlings exposed to AVG exhibit no change in width along with a large decrease in length. Since the length and width of these seedlings are not changing in tandem, this length decrease may be due to a toxic effect of the AVG on wild-type seedlings. fass seedlings grown on AVG show a sharp decrease in width and an increase in length, thus changing their shape and length-to-width ratio. The results of these experiments with ACC and AVG support the involvement of ethylene in the generation of the/ass phenotype.
fass Is Epistatic to etrl, an Ethylene-lnsensitive Mutant
Since the fass phenotype can be somewhat modified by altering its levels of endogenous ethylene, we decided to cross fass with etrl, an ethylene-insensitive mutant, to evaluate whether its ethylene response is mediated via the signal transduction pathway that includes ETRl. Wild-type seedlings, when exposed to ethylene in the dark, exhibit a characteristic triple response. Their hypocotyls are shortened and thickened and they have a pronounced apical hook, etrl, which is inherited as a single-gene, dominant mutation, fails to show this response, and its lesion was recently discovered to lie in a putative two-component messenger system (Chang et al., 1993) . The wild-type protein product of ETRl has been postulated to be an ethylene receptor or to act in an early step in an ethylene signal transduction pathway (Ecker, 1995) .
Homozygous etrl plants were crossed with fass heterozygous plants. Since fass is fertile only as a heterozygote, the F, generation was allowed to self and then the segregation of the F 2 seedlings was examined. The phenotype of the F 2 seedlings was identified by sowing the seeds on growth medium containing 10 U.M ACC, growing them in the dark, and observing their phenotypes 4 d later. In the dark,/flss retains its phenotype, etrl homozygous or heterozygous seedlings appear elongated, and wild-type or fass heterozygous seedlings exhibit the triple response. The offspring of several F : plants not carrying the fass mutation were scored, and they exhibited the expected segregation ratio of 3:1 (155:50, efnwild type) (x 2 of 0.667, P > 0.3). The offspring from four F, plants carrying the fass mutation were scored, and Table V shows the segregation of the offspring from a representative F, plant. There are four possible scenarios for the outcome of this cross, which vary according to the phenotype of 3/16 of the F 2 seedlings homozygous for fass and heterozygous or homozygous for etrl. In the first scenario, these seedlings would segregate as fass seedlings, in which case fass is epistatic to etrl, thereby masking the expression of the etrl mutation. In the second scenario, these seedlings would segregate as etrl seedlings, in which case etrl is epistatic to fass and masks the expression of the fass mutation. In the third scenario, these seedlings would segregate as an intermediate phenotype (such as severely elongated fass plants), in which case the etrl and fass mutations would be additive. In the last scenario, these seedlings would segregate as wild-type seedlings, in which case the etr and fass mutations somehow compensate for or negate one another. The scenario that produces the lowest x 2 and best P value when applied to our data is the one in which the seedlings in question appear as fass seedlings, so that the fass mutation masks expression of the etrl phenotype. Unfortunately, fass seedlings are not fertile, so the presence of the etrl mutation in these fass seedlings could not be confirmed by observing the segregation of the www.plantphysiol.org on November 11, 2017 -Published by Downloaded from Copyright © 1996 American Society of Plant Biologists. All rights reserved. F, offspring. The implications of this result will be further covered in "Discussion."
DISCUSSION
Key Features of the fass Phenotype
This paper documents the effects of a developmental mutation that, although selected as a seedling-lethal mutation, persists throughout the life cycle of the Arabidopsis plant, from embryogenesis to flowering. The organs of Arabidopsis plants carrying the homozygous recessive fass mutation are consistently shorter and thicker than those of wild-type plants. These differences in morphology can be seen in embryos, seedlings, and mature plants. fass embryos resemble wild-type.embryos through the heart stage of development, after which wild-type embryos begin to elongate and fuss embryos retain a heart-like shape. fass seedlings develop leaves and roots with identical arrangements and at the same rate as wild-type seedlings, but these organs do not elongate as do the organs of wild-type seedlings. Wild-type plants develop an elongated inflorescence in contrast to the compressed inflorescence of fass plants. fuss plants produce flowers containing the normal numbers of organs in the normal position, but these flowers are infertile due to their nonviable pollen and exposed ovules.
Several results associate the mechanism of action of the wild-type gene product of fass with the activities of plant hormones. For example, fass roots, when separated from their shoots, elongate much more thanfass roots on intact plants. Moreover, NAA, a strong auxin, induces wild-type plants to phenocopy the growth pattern and general appearance of fass plants as embryos. fass seedlings average much higher levels of free auxin than wild-type seedlings, but the levels of free auxin in fass seedlings are highly variable, with some replicate populations having free auxin levels equal to wild-type levels and others 6aving almost 6 times higher levels than wild-type levels. Most significantly,fass seedlings exhibit total auxin levels that are 50% lower than levels in wild-type plants; this difference reflects much lower levels of amide conjugates infass plants. The average amount of ethylene evolved over a 24-h period by fuss seedlings is 3 times that of wild-type seedlings on a per plant basis. Studies with ACC and AVG show that the length-to-width ratio of wild-type andfass seedlings can be changed by altering their endogenous levels of ethylene. A cross with etrl, an ethylene-insensitive mutant, indicates that fass is epistatic to etrl.
Ethylene and the fass Phenotype
The role of ethylene in the generation of thefass phenotype is unclear.fass's higher levels of ethylene artd its much greater response to the ethylene synthesis inhibitor AVG than wild type argue for ethylene being centrally involved in the generation of the fass phenotype. Even more intriguing is the appearance of rounded cells in a11 fass organs (Torres-Ruiz and Jiirgens, 1994) , which is identical to the cellular response of many angiosperms to high levels of endogenous ethylene (Eisinger, 1983) . AVG does not alter thefass phenotype so much that it could be mistaken for a wild-type seedling, and ethylene levels offass seedlings are not as high as those of eto seedlings, which are ethylene overproducers that exhibit a constitutive triple response (Kieber et al., 1993) . However, as adult plants a11 eto mutants produce the same or only slightly larger amounts of ethylene as adult wild-type plants and they appear very similar to wild-type plants, which suggests that perhaps the production of ethylene is regulated by irtdependent pathways in seedling and adult plants or in light-and dark-grown plants (Kieber et al., 1993) . fass may continue to overproduce ethylene as an adult, which could be a possible explanation for fass having a phenotype that is different from that of the eto mutants.
Furthermore, the cross of fuss with etrl shows thatfass is epistatic to etrl. There are two possible explanations for this result. The first possibility is that the fass phenotype is mediated through an ethylene-response pathway that does not include etrl. Several other genes have recently been isolated that may encode ethylene receptors (Theologis, 1995) . This group of genes includes ERS, an Arabidopsis gene uncovered by cross-hybridization with the ETRl gene (Hua et al., 1995) , the ethylene-resistant tomato gene Neverripe, which is expressed during fruit ripening (VVilkinson et al., 1995) , and another ETR homolog isolated from tomato that is expressed only during flowering and fruit senescence (Zhou et al., 1995) . A second strong possibility is that the fass phenotype is not modulated through e%hylene and that its higher ethylene levels are either inconsequential or are the result of the mutant phenotype, not the cause of it. In summary, the physiological evidence implicates ethyl- A model for the action of the FASS gene product is presented in Figure 5 that accounts for fuss's higher average but variable free auxin levels and its higher ethylene levels.
Our model predicts that fuss contains a lesion in the auxin conjugation pathway, which leads to the observed suppressed total auxin levels and elevated free auxin levels found in fuss seedlings (Table 111 ), and that these higher levels of free auxin trigger increased levels of ethylene biosynthesis that result in the rounded cells and lack of elongation characteristic of the fass mutant. The data presented in this paper are consistent with this model, which serves as a useful starting point for considering the role of hormones in the fass phenotype.
In particular, since fuss is recessive and presumably acting as a loss-of-function mutation, it is difficult to envision that FASS participates in the auxin biosynthesis pathway because a loss-of-function mutation in that pathway should result in lower, not higher, free auxin levels. Another possibility is that FASS might act as a negative regulator via some degradation process to keep free auxin at wild-type levels, but this would not fully explain the levels of total auxin present in fuss seedlings. Since fuss seedlings exhibit both increased levels of free auxin and decreased levels of total auxin compared to wild-type seedlings, the most likely mechanism of action is that FASS is either the IAAconjugating enzyme responsible for the synthesis of amide and/or other conjugates or a positive regulator of that process. This model would then allow for a loss-of-function mutation that could cause higher levels of free auxin infuss seedlings. If FASS is an enzyme responsible for auxin amide conjugate formation, either not a11 of the FASS function is knocked out in the homozygous mutant plants or there are other amide conjugate-forming enzymes. An increase in free auxin levels is known to mediate higher ethylene levels in many plants (Yip et al., 1992) via the ability of auxin to increase the activity of ACC synthase, an enzyme in the ethylene biosynthetic pathway (Yip et al., 1992) . We predict that higher than wild-type ethylene levels may feed back to cause a synchronized decrease in auxin levels in fuss seedlings. Indeed, since ethylene is a gas, it is one of the few agents that could mediate synchronized decreases in auxin within fuss seedlings within culture plates in the same growth chamber.
One other feature of hormone levels must be examined to explain our model. The measured differences in free auxin levels for different replicate samples offuss seedlings indicate that the enclosed populations of fass seedlings are experiencing synchronized surges in their free auxin levels.
If these surges were not synchronized across the fuss seedling population, then the fass population free auxin levels would show consistently higher levels than the wild-type population without such variability. This model predicts that the recessive mutation in the FASS locus could cause the increased levels in free auxin, with the synchronized decrease possibly being mediated via increased ethylene levels or some other, undetermined signal that would be available to the seedling population as a whole.
Finally, high levels of endogenous ethylene appear to mediate the morphological features of fuss cells and thus fuss plants. It is important to remember that the measured differences in ethylene evolution may underestimate the actual levels of ethylene inside the plants. Since fass organs have greater diameters, which mean longer diffusion pathways for ethylene release, it is likely that the measured ethylene levels in fuss are underestimated more than the measured wild-type levels. The higher levels of ethylene may be inhibiting the elongation of fuss cells and thus causing fuss organs to grow isodiametrically. This isodiametric growth accounts for the inability of organs to elongate in fuss plants.
An alteration in hormone levels is the simplest hypothesis for the cause of the fuss phenotype, but we cannot eliminate the possibility that the primary lesion in fuss lies elsewhere, and that the altered hormone levels are a secondary effect of this lesion. Traas et al. (1995) have studied ton, a mutant that may be allelic to fuss, since it is very similar in phenotype. ton mutants lack preprophase bands and are unable to form the ordered arrays of cortical microtubules that make up the plant cytoskeleton. If these mutants are found to be allelic, it is very possible that the primary lesion is in the formation of the cortical cytoskeleton. However, since both auxin and ethylene have been shown to cause reorientation of cortical microtubules (Roberts et al., 1985; Blancaflor and Hasenstein, 1995) , and auxin can cause the microtubule array to become disorganized in some cells (Blancaflor and Hasenstein, 1995) , it is more likely that the primary Plant Physiol. Vol. 11 O, 1996 genetic lesion in the fass mutant is associated with its altered hormone levels. Determination of the genetic relationship between the fass and ton mutants and cloning of these genes will te11 us more about the interactions of plant hormones and the plant cytoskeleton.
Other Arabidopsis Auxin Mutants
It is informative to compare fass with Arabidopsis auxintransport and -sensitivity mutants. pin-formed, a putative auxin-transport mutant (Okada et al., 1991) , forms no flowers or forms abnormal flowers lacking stamens, wider leaves with branched midveins, deformed cotyledons, and leaves that exhibit abnormal phyllotaxis. In contrast, fass forms a11 floral organs and its leaves grow in the normal arrangement. fass also does not exhibit fused cotyledons, which have been found in embryos of pin-formed and in embryos of Brassica juncea treated with auxin polar transport inhibitors (Liu et al., 1993) . fass does not resemble Arabidopsis mutants insensitive or resistant to auxin such as axrl, axr2, or auxl. axrl mutants exhibit significant decreases in many auxin-mediated responses such as plant height, root gravitropism, hypocotyl elongation, pollen grain formation, vascular bundle differentiation, and apical dominance (Lincoln et al., 1990) . axr2 mutants, which are insensitive to both auxin and ethylene, show an even more severe phenotype than axrl mutants (Wilson et al., 1990) . fass is much shorter than both types of axr mutants and has normal gravitropic responses and apical dominance, but it does not form functional pollen grains or normal, closely connected vascular tissue. auxl mutants are resistant to auxin and ethylene in terms of root growth and show reduced root gravitropism but they are similar to wild-type plants in the growth of their rosettes and inflorescences.
fass is much shorter than a u x l , its abnormal form continues throughout the life cycle of the plant, and fass shows no gravitropic defect. Our model of the function of FASS is consistent with the fact that the fass phenotype does not resemble the phenotypes of auxin-transport or -insensitivity mutants.
Our working hypothesis is that fass is an auxin-regulatory mutant with a defect in an auxin amide-conjugating enzyme. This prediction is in agreement with the observation that in fass seedlings the levels of free auxin are higher than wild-type seedling levels and the levels of ester conjugates are quite similar in the two kinds of seedlings, whereas in fass seedlings the levels of amide-conjugated auxin are significantly lower than those of wild-type seedlings. In contrast to fass, rooty is an Arabidopsis mutant that consistently produces higher levels of free, ester-conjugated, and amide-conjugated auxin than wild-type Arabidopsis plants (King et al., 1995) . Since the levels of a11 types of auxin are higher in rooty plants than in wild-type plants, it is likely that rooty has a defect in an auxin-degradation enzyme that would affect a11 forms of auxin in the same way. rooty seedlings have extremely epinastic cotyledons and a highly elongated epicotyl, form an excess of lateral roots from the primary root, and begin to form adventitious roots on the above-ground portions of the plant. The formation of adventitious roots moves acropetally until the entire plant, except for the shoot apical meristem and a few leaves, is covered with adventitious roots. rooky flowers only when grown on a cytokinin-containing medium. Recently, superroot, a mutant very similar to rooty in appearance and auxin levels, has been described (Boerjan et al., 1995) , and it has been postulated that the superroot mutation lies in the auxin-biosynthetic pathway or a regulator of that pathway. In contrast to both of these mutants, fass consistently exhibits its short, thick phenotype from embryonic development to the flowering stage, with a11 organs appearing in the normal positions, and fass does flower without added plant growth regulators. These differences in morphology support the idea that the regulatory defects in these mutants are different and that these defects lead to differences in the aberrant auxin levels in these mutants.
The significance of fass as a developmental mutant lies in the observation that shapes of cells and organs are disrupted in fass without any obvious effects on or,gan timing of initiation, position, or identity. Thus, cellular features appear to be uncoupled from morphological features in fass plants. Further study of this mutant may also give us some insight into the relationship between hormones and development, since the altered hormone levels in fass plants interfere with organ elongation but affect few cif the other developmental processes thought to respond to plant hormones. Since ton, a mutant that may be allelic to fass (Boerjan et al., 1995) , has disordered microtubule arrays, additional work on these two mutants may shed some light on the relationships between plant hormones, microtubules, and plant morphology.
